Brown adipose tissue is specialized to burn lipids for thermogenesis and energy expenditure. Secondgeneration antipsychotics (SGA) are the most commonly used drugs for schizophrenia with several advantages over first-line drugs, however, it can cause clinically-significant weight gain. To reveal the involvement of brown adipocytes in SGA-induced weight gain, we compared the effect of clozapine, quetiapine, and ziprasidone, SGA with different propensities to induce weight gain, on the differentiation and the expression of brown fat-specific markers, lipogenic genes and adipokines in a mouse brown preadipocyte cell line. On Oil Red-O staining, the differentiation was inhibited almost completely by clozapine (40 μM) and partially by quetiapine (30 μM). Clozapine significantly down-regulated the brown adipogenesis markers PRDM16, C/EBPβ, PPARγ2, UCP-1, PGC-1α, and Cidea in dose-and time-dependent manners, whereas quetiapine suppressed PRDM16, PPARγ2, and UCP-1 much weakly than clozapine. Clozapine also significantly inhibited the mRNA expressions of lipogenic genes ACC, SCD1, GLUT4, aP2, and CD36 as well as adipokines such as resistin, leptin, and adiponectin. In contrast, quetiapine suppressed only resistin and leptin but not those of lipogenic genes and adiponectin. Ziprasidone (10 μM) did not alter the differentiation as well as the gene expression patterns. Our results suggest for the first time that the inhibition of brown adipogenesis may be a possible mechanism to explain weight gain induced by clozapine and quetiapine.
Introduction
Second-generation antipsychotics (SGA) are the most common drugs used for treatment of schizophrenia and have a reduced risk of extrapyramidal symptoms compared to first-generation antipsychotics. However, most SGA are linked to weight gain, impaired glucose tolerance and lipid abnormalities, resulting in the development of various metabolic disorders. A high prevalence of metabolic syndrome (McEvoy et al., 2005; Birkenaes et al., 2007) and an increased mortality rate (Laursen et al., 2007) were observed in schizophrenic patients. The risk of weight gain is variable among SGA. Olanzapine and clozapine are associated with the highest risk of weight gain, followed by chloropromzaine, resperidone, and quetiapine . Ziprasidone belongs to the group with the lowest risk of weight gain, and it has even shown to reduce weight gain by increasing resting energy expenditure without decreasing food intake (Park et al., 2012) . The rank order of SGA for inducing weight gain is consistent with that of their metabolic side effects (Newcomer, 2005 (Newcomer, , 2007 , supporting the idea that drug's risk for adverse metabolic changes are strongly associated with its potency for increasing adiposity. Although differential binding affinity of individual SGA to histamine, serotonin, α-adrenergic receptors (Kroeze et al., 2003; Matsui-Sakata et al., 2005; Deng et al., 2010) or PKC-β activation (Pavan et al., 2010) has been suggested as possible mechanisms, the biochemical and pharmacological bases of SGA-induced weight gain are mostly unclear.
Brown adipose tissue (BAT) serves a specialized function in adaptive thermogenesis and plays an opposite role to that of white adipose tissue by burning metabolic substrates instead of storing energy in the form of triglycerides. Therefore, BAT has long been accepted as an important metabolic organ in small mammals such as mice or rats, but was previously considered to have little physiological relevance in humans beyond early childhood. However, several lines of evidence using 18 F-fluorodeoxyglucose positron emission tomography clearly confirmed the existence of active BAT in humans (Nedergaard et al., 2007; Lichtenbelt et al., 2009) . Moreover, recent studies also suggested a possible role of BAT in human energy metabolism. BAT activation is either stimulated by cold, insulin, and catecholamines (Orava et al., 2011; Wang et al., 2011) or downregulated by central obesity and bariatric surgery (Wang et al., 2011; Vijgen et al., 2012) . Promoting brown adipocyte differentiation leads to an increase in energy expenditure and a reduction in weight gain (Tseng et al., 2008) , whereas reduced brown adipocyte differentiation is associated with obesity and insulin resistance in humans (Yang et al., 2003) . To the best of our knowledge, only two reports have suggested a possible involvement of BAT in psychotropic-induced obesity. Lithium, which is primary therapy for bipolar disorder and known to induce obesity in humans, inhibited the differentiation of mouse brown adipocytes (Rodríguez de la Concepción et al., 2005) . In the sole physiological study, clozapine reversed the thermogensis of brown adipose tissue in rabbits (Blessing et al., 2006) . Taken together, these findings suggest that SGA are very likely to induce weight gain by the inhibition of brown adepogenesis. Therefore, we examined the relevance between SGA and weight gain by comparing the effect of clozapine, quetiapine, and ziprasidone on the differentiation of mouse brown preadipocytes. In this study, we provide for the first time biochemical and molecular biological evidence showing that SGA may induce weight gain and metabolic disturbances by inhibiting brown adipocyte differentiation.
Results and Discussion

Rationale for the selection of drugs and their concentration
To reveal the possible involvement of BAT in clozapine-or quetiapine-induced weight gain, we examined the effect of clozapine, quetiapine, and ziprasidone on the brown adipocyte differentiation. For a more rational and objective comparison, we selected the concentration of each drug at which they exert similar clinical efficacies based on the recent therapeutic reference ranges (TRR) recommended by the Arbeitsgemeinschaft fur Neuropshychopharmakologie und Pharmakopsychiatrie (AGNP) (Hiemke et al., 2011) . In addition, since a previous report showed that clozapine did not increase intracellular triglyceride content during adipogenic differentiation of human adipose-derived stem cells at 30 μM, which was 16-fold higher than the upper limit concentration of TRR (Sertié et al., 2011) , we evaluated the effect of the drugs at the concentrations that were approximately 20-fold higher than the upper limit of TRR, i.e. clozapine (40 μM), quetiapine (30 μM), and ziprasidone (10 μM).
Effects of drugs on the adipogenic differentiation of brown preadipocytes
To disclose the involvement of BAT in three SGA-induced weight gains, the effect of the drugs on the differentiation of the brown preadipocyte cell line was examined. We induced adipogenic differentiation for 8 days in the presence of clozapine (40 μM), quetiapine (30 μM), and ziprasidone (10 μM), and examined intracellular accumulation of triglyceride by Oil Red-O staining. As shown in Figure  1 , brown adipocyte differentiation was suppressed almost completely and partly by clozapine and quetiapine, respectively. However, ziprasidone did not show any effect on the differentiation of brown preadipocytes. When we examined the effect on cell viability, clozapine (1.25-40 μM), quetiapine (10-60 μM), and ziprasidone (2-12 μM) did not demonstrate any cytotoxicity during the adipogenic differentiation period (Supplemental Data Figure S1 ). These results imply that the inhibitory potency of individual drug on brown adipogenesis may be proportionate to its risk for the induction of weight gain and metabolic disturbances. It is noteworthy that clozapine inhibited the differentiation of brown preadipocytes in our results while it did not induce any changes in white preadipocytes (Hu et al., 2010; Sertié et al., Effect of clozapine, quetiapine and ziprasidone on the expression of brown adipocyte-specific markers. Brown preadipocytes were differentiated with the induction media in the presence of (A) clozapine (■, 40 μM), (B) quetiapine (▨, 30 μM), and (C) ziprasidone (▩, 10 μM) or DMSO (□, 0.1%). At day 8 after the induction, total RNA was isolated, and the expressions of brown adipocyte markers such as PRDM16, C/EBPβ, PPARγ2, UCP-1, PGC-1α, and Cidea were determined by qRT-PCR. Relative mRNA level of each gene was normalized to the level of 36B4. The data shown are representative of three independent experiments performed in triplicate. Data are mean ± SEM. *P ＜ 0.05. 2011). In addition, olanzapine and resperidone, which showed a similar weight gain risk to clozapine and quetiapine, respectively, also induced adipogenesis in 3T3-L1 cells Hu et al., 2010) . These findings strongly suggest the differential regulatory role of SGA in the differentiation of white and brown preadipocytes. Ziprasidone (0.2 μM) and clozapine (40 μM) were shown to be highly toxic during adipogenic differentiation from adipose-derived stem cells (Sertié et al., 2011) , but in our results, the viability of brown preadipocytes was absolutely not affected even at a much higher (ziprasidone, 10 μM) or at the same (clozapine, 40 μM) concentrations (Supplemental Data Figure S1 ). Although there are significant differences between these two cell types, these findings suggest the possibility that brown preadipocytes may be more resistant to the cytotoxic activity of SGA than white preadipocytes. In accordance with this point of view, Nisoli et al. (2006) reported that white adipocytes are less prone to apoptotic stimuli than brown adipocytes. Further experiments are needed to investigate the differential responses of white and brown (pre)adipocytes to SGA.
Effects of drugs on the expression of brown adipocyte markers
Despite the difference in the developmental origin and physiological function of brown and white adipocytes, both cell types share a very similar transcriptional cascade. Indeed, PPARγ is absolutely necessary for both white and brown fat development (Kajimura et al., 2010) . Moreover, C/EBPβ induces PGC-1α (Wang et al., 2008) , and has been recently suggested as a critical transcription factor for the initiation of brown fat formation (Kajimura et al., 2009) . However, the development of the specific characteristics of brown adipocytes requires the expression of additional transcriptional regulators. PRDM16, a zinc finger protein, activates PPARγ2, forms a transcriptional complex with C/EBPβ (Kajimura et al., 2009) , and finally enhances brown adipogenesis by the induction of brown fat-selective markers such as PGC-1α, UCP-1, and Cidea (Kajimura et al., 2009) . To provide molecular evidence for our results showing SGA-induced inhibition of brown adipogenesis (Figure 1) , we examined the effect of SGA on the mRNA expression of PRDM16, C/EBPβ, PPARγ2, UCP-1, PGC-1α, and Cidea at 8 days after the induction (Figure 2 ) or during the Figure S2 ). The results revealed that clozapine significantly inhibited the expression of all genes tested (P ＜ 0.05), and particularly PRDM16, UCP-1 and Cidea were almost disappeared by day 8 (P ＜ 0.05) (Figure 2A ). Inhibitory effect of clozapine was time-dependent, and this was apparent from day 4 for PRDM16 and PPARγ2 (Figure 3) . Quetiapine also down-regulated the expression of PRDM16, PPARγ2, UCP-1, and Cidea at day 8 after the induction (P ＜ 0.05), but the intensity was much weaker than clozapine ( Figure 2B ). Inhibitory effect of quetiapine was also not consistent as that of clozapine, for example, CEBPβ was transiently inhibited only at days 4 and 6 ( Figure 2C , Supplemental Data Figure S2A ). In contrast to clozapine and quetiapine, ziprasidone showed inhibitory activity only in the early stage of the differentiation, and PPARγ2 expression was significantly increased at days 6 and 8 (P ＜ 0.05) (Supplemental Data Figure S2B ). These findings clearly correspond with the results from Oil Red-O staining (Figure 1) , and strongly support our hypothesis that the inhibition of brown adipogenesis may be one of the mechanisms for SGA-induced weight gain. Among the genes tested in our stuy, transcriptional regulation of PRDM16 by clozapine and quetiapine is remarkable since they are considered as master regulators for brown adipogenesis. Brown adipogenesis from white preadipocytes or myoblasts was successfully induced by the ectopic expression of PRDM16 (Seale et al., 2007) , and BAT from PRDM16 -/-mice exhibited an abnormal morphology and reduced expression of brown fat markers (Seale et al., 2008) . Recently, association of PRDM16 with metabolic syndrome was also suggested (Zhang et al., 2012) . Considering the rapid rise in importance of PRDM16 in energy homeostasis, finding the signaling molecules that control the expression of PRDM16 are warranted, and in this respect, it is valuable to further identify a missing link between PRDM16 and clozapine or quetiapine in brown adipocytes.
Effects of drugs on the expression of genes for lipogenesis and adipokines
Transcriptional regulators involved in brown adipogenesis, such as PPARγ2, PRDM16 and C/EBPβ, cooperatively promote adipogenesis. Therefore, it is likely predicted that clozapine or quetiapine decreases the expression of lipogenic genes. When the transcriptions of typical lipogenic genes were examined at 8 days after the adipogenic induction of brown preadipocytes, clozapine was shown to significantly decrease the transcription of all genes except for FAS, and the inhibitory potency was particularly higher in GLUT4, aP2 and CD36 (P ＜ 0.05) ( Figure 4A ). In comparison, quetiapine and ziprasidone did not affect the lipogenic gene expression ( Figures 4B and 4C) . We also examined the expression of adipokines such as resistin, leptin and adiponectin because their expressions were increased in differentiated brown adipocytes in previous studies (Kraus et al., 2002; Viengchareun et al., 2002) . Clozapine significantly inhibited mRNA expression of resistin, leptin and adiponectin, and among them leptin showed the most sensitive reaction to the inhibitory activity of clozapine (P ＜ 0.05) ( Figure 4A ). Quetiapine also inhibited resistin and leptin levels but with much weaker potency than clozapine ( Figure 4B ). However, no inhibitory activity Figure 4 . Effect of clozapine, quetiapine and ziprasidone on the expression of lipogenic genes and adipokines. Brown preadipocytes were differentiated with the induction media in the presence of (A) clozapine (■, 40 μM), (B) quetiapine (▨, 30 μM), and (C) ziprasidone (▩, 10 μM) or DMSO (□, 0.1%). At day 8 after the induction, total RNA was isolated from the cultures, and the expressions of lipogenic genes (ACC, FAS, SCD1, aP2, CD36 and GLUT4), and adipokines (resistin, leptin and adiponectin) were determined by qRT-PCR. Relative mRNA level of each gene was normalized to the level of 36B4. The data shown are representative of three independent experiments performed in triplicate. Data are mean ± SEM. *P ＜ 0.05. of ziprasidone was observed ( Figure 4C ). In our results, leptin was down-regulated by clozapine and quetiapine in proportionate to their potencies for weight gain. Leptin is a well-known factor for reduction of body fat by decreasing food intake and increasing energy expenditure, and its genetic variation is associated with clozapine-induced weight gain (Brandl et al., 2012) . In this context along with our findings strongly suggest that leptin is a plausible candidate for SGA-induced weight gain. This brought us to our next question of how clozapine or quetiapine can down-regulate leptin expression in brown adipocytes. Two recent reports left promising clues to this question. Insulin is an important regulator for leptin synthesis and secretion (Saladin et al., 1995) , and recently, Panariello et al. (2012) clearly demonstrated that clozapine impairs insulin signaling both in vitro and in vivo. Moreover, UCP-1 increased leptin activity (Okamatsu-Ogura et al., 2011) , suggesting the possibility that, in addition to the suppression of its expression, clozapine may down-regulate the activity of leptin by inhibiting the UCP-1 expression (Figures 2 and 3) . Taken together, it is reasonable to assume that clozapine may contribute to weight gain by the inhibition of synthesis and activity of leptin through disturbing insulin signaling and UCP-1 expression. However, in contrast to these observations, many conflicting results were reported. For example, clozapine did not change the expression of leptin in vitro (Hauner et al., 2003) or even elevated the serum level in patients with schizophrenia treated with clozapine (Monteleone et al., 2002) . Further studies are needed to clarify the role of SGA in the regulation adipokines in brown adipocytes.
Dose-dependent effect of clozapine on the expression of brown adipocyte markers
In spite of the very distinct effects of clozapine, quetiapine and ziprasidone on brown adipocyte differentiation, the concentrations used in our study seems to be unphysiological because they are 20-fold higher than the plasma concentrations achieved in the course of routine treatment in practice. To confer more clinical implications on our results, we examined whether clozapine, at a lower concentration range, still showed anti-adipogenic activity by measuring the expression of brown fat-specific markers. As shown in Figure 5A , the inhibitory activity of clozapine on the mRNA expression of PRDM16, C/EBPβ, and Cidea was observed from 20 μM (P ＜ 0.05), and at this concentration, PPARγ2 and PGC-1α were also inhibited at the protein level ( Figure 5B) . Moreover, UCP-1, the hallmark of brown fat, showed the highest sensitivity to clozapine, started to decrease from 10 μM, which is a concentration only 5-fold higher than the therapeutic reference range, at both mRNA and protein levels (P ＜ 0.05) ( Figure 5 ). Quetiapine also inhibited PRDM16, C/EBPβ, PPARγ2, and UCP-1 expressions in a dose-dependent manner, but only at concentrations higher than 30 μM (Supplemental Data Figures S3A and S3B) . Additionally, ziprasidone did not affect, or even Figure 5 . Dose-dependent effect of clozapine on the expression of brown adipocyte markers. Brown preadipocytes were differentiated for 8 days in induction media in the presence of indicated concentration of clozapine (■) or 0.1% DMSO (□). (A) mRNA expression. Total RNA was isolated from the cultures, and the expressions of brown adipocyte markers PRDM16, C/EBPβ, PPARγ2, UCP-1, PGC-1α, and Cidea were determined by qRT-PCR. Relative mRNA level of each gene was normalized to the levels of 36B4. Data are mean ± SEM. *P ＜ 0.05. (B) Protein expression. Protein was prepared from the cultures at day 8, and the expression levels of UCP-1, PGC-1α and PPARγ2 were determined by immunoblot analysis. Bata-actin was used as a loading control. The data shown are representative of three independent experiments performed in triplicate. increase the expression of PPARγ2 at a higher concentration (12 μM) (Supplemental Data Figures  S4A and S4B ). Based on these findings which clearly showed the inhibitory activity of clozapine at a concentration much closer to the therapeutic level, it is not unlikely that our in vitro findings of clozapine may also occur in BAT in vivo. Multiple lines of previous observations also support this possibility. There is a considerable inter-and intra-individual variability in the pharmacokinetic properties in patients receiving clozapine (Cheng et al., 1988) . For example, the plasma level of clozapine is higher in women than men and increases with age (Lane et al., 1999) . Some drugs inhibiting CYP1A2, the main enzyme catalyzing clozapine, such as ciprofloxacin (Markowitz et al., 1997) and fluvoxamine (Shader and Greenblatt, 1998) were able to increase serum clozapine concentration by up to 10-fold. More importantly, the adipose/plasma concentration ratio of highly lipophilic drugs like clozapine was in the range of 2 -5 (Bickel et al., 1983) . Taking these findings and our results into consideration, we cannot exclude the possibility that clozapine concentration in adipose tissue by chance reaches to the range used in our experiments.
In summary, consistent findings from our experiments comparing the effect of clozapine, quetiapine and ziprasidone on brown adipogenesis strongly suggest that SGA inhibits brown adipocyte differentiation with the potency proportional to their propensities for weight gain. These effects in brown adipogenesis may propose a possible mechanism to explain obesity which is frequently observed in patients treated with clozapine and quetiapine. Further research is necessary to weigh the pathophysiological significance of our in vitro findings in humans.
Methods Materials
Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen (Carlsbad, CA). Insulin, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone, indomethacin, 3,3',5-triodo-L-thyronine (liothyronine, T3), Oil Red-O, clozapine and ziprasidone were obtained from Sigma-Aldrich (St. Louis, MO). Quetiapine was obtained from Ildong Pharmaceutical Co. (Seoul, Korea). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, Japan).
Induction of brown adipocyte differentiation
Brown preadipocyte cell line was kindly gifted from Dr. Ge (NIDDK, NIH, Bethesda, MD), and cells were grown at 37 o C in a humidified 5% CO2 incubator (Cho et al., 2009 ).
Differentiation of brown preadipocytes was carried out as described previously (Wang et al., 2011) . Briefly, cells were maintained in DMEM containing 10% FBS before initiating differentiation, and grown to confluence in the differentiation medium (DMEM containing 10% FBS, 0.1 μM insulin, and 1 nM T3). Four days after the induction of confluence (day 0), cells were stimulated for 2 days with the induction medium (differentiation medium containing 0.5 mM IBMX, 2 μg/ml dexamethasone, and 0.125 mM indomethacin), and then the cultures were subjected to the differentiation medium, and changed every 2 days. Full differentiation was achieved at day 8.
Cell viability test
Cells were plated into 12-well cell culture plates at a density of 3.6 × 10 4 cells per well, and brown adipocyte differentiation was induced in the presence of the indicated concentration of drugs (clozapine, quetiapine and ziprasidone) or 0.1% DMSO for 8 days. The differentiated cells were tested for cell viability using CCK-8 according to the manufacturer's instructions. Briefly, 100 μl of CCK-8 solution was added to each culture and then incubated at 37 o C for 4 h. The cytotoxicity was evaluated by measuring the absorbance at 450 nm on a microplate reader (PerkinElmer, Waltham, MA).
Oil Red-O staining
At the indicated times after the induction, cells were washed two times with phosphate-buffered saline (PBS, pH 7.4), and fixed with 10% formalin for 20 min. After washing with distilled water (DW) and 60% isopropanol twice, cells were incubated with Oil Red-O working solution (0.3% Oil Red-O, 60% isopropanol). After 30 min. cells were thoroughly washed with 60% isopropanol and DW to remove unbound dye. Stained cells were dried on air and analyzed by microscopic examination (Leica DMIL microscope, Leica, Wetzlar, Germany).
Quantitative real-time PCR
Total RNA was extracted from the cultures using Trizol Reagent (Invitrogen), and cDNA was synthesized from 0.5 μg of total RNA using PrimeScriptTM RT reagent Kit (Takara, Shiga, Japan). The quantitative real-time PCR (qRT-PCR) analysis was performed on at least three independent RNA samples using ABI 7300 thermal cycler (Applied Biosystems, Foster City, CA) with SYBR Green Q-PCR Master Mix (Takara). The relative amount of mRNAs was calculated using the ΔΔCt method with the 36B4 mRNA as an internal control. The used primer sequences for qRT-PCR are described at Supplemental Data Table S1 .
Immunoblot analysis
Differentiated brown adipocytes were washed with PBS twice, and then harvested by scraping. After centrifugation at 800 g for 1 min, the pellets were lysed in RIPA buffer (Cell Signaling, Beverly, MA) containing protease inhibitors, and then incubated on ice for 30 min. All samples were then centrifuged at 17,000 g at 4 o C for 30 min and the supernatant was saved at -80 o C. Thirty micrograms of total protein were separated by 12% SDS-PAGE and transferred onto a nitrocellulose membrane (Schleicher & Schell, Dassel, Germany) . The membranes were blocked with 5% non-fat milk and incubated overnight at 4 o C with the antisera against β-actin (1:1,000, Sigma-Aldrich), UCP-1 (1:200, Abcam, Boston, MA), PGC-1α and PPARγ2 (1:250, Santa Cruz). Antibody binding was detected using horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:2,000; Sigma-Aldrich) and the immunoreactive bands were visualized with ECL method (Amersham Pharmacia Biotech, Little Chalfont, UK).
Statistical analysis
All values are expressed as the means ± SEM from at least three independent experiments. All statistical calculations were performed using GraphPad Prism 5.03 software (GraphPad Software Inc., San Diego, CA). One-or two-way ANOVA followed by Turkey's Multiple Comparison Test was used to compare means. A probability (P) value less than 0.05 was considered to be significant.
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